INTRODUCTION
Silicon heterojunction (SHJ) solar cells have achieved record high efficiencies by using contact stacks based on thin hydrogenated amorphous silicon (a-Si:H) layers. [1] [2] [3] The key to this success lies in combining selective carrier extraction from doped a-Si:H with highly efficient surface passivation from intrinsic a-Si:H. However, the highest efficiencies are obtained for interdigitated back contact (IBC) architectures, which avoid parasitic light absorption in front-side a-Si:H layers. Such parasitic absorption accounts for typically up to 2 mA/cm 2 of current loss in standard SHJ cells. 3, 4 Additionally, achieving optimal contact properties in a-Si:H (such as low-recombination together with low-resistance charge extraction) requires finely-tuned processing that is difficult to implement in production. Carrierselective contact materials with greater transparency and less sensitivity to process variations could help to enable large-scale implementation of SHJ solar cells in industry.
To address the problem of parasitic absorption, researchers have begun exploring transition metal oxide (TMO) materials for use as carrier-selective contacts. [5] [6] [7] [8] [9] [10] These materials are wider bandgap than a-Si:H, and when combined with well-known passivation layers, such as intrinsic a-Si:H, can provide reduced parasitic absorption while maintaining selectivity and low contact resistance. One well-known example is molybdenum oxide (MoO x ), which has been successfully applied as a hole-selective contact in SHJ solar cells. However, this material imposes additional limitations on the cell fabrication process, due to its sensitivity to elevated temperature, hydrogen, or plasma exposure.
successful implementation always relies on the use of finely-tuned thin layers (from below one to a few nanometers) and the presence of a low-work function metal (typically Al but sometimes Mg or Ca) directly on it. [12] [13] [14] [15] [16] [17] This approach suggests that the electron selectivity comes, to a great extent, from the metal electrode, and not only from the material itself. Though this has enabled scientifically interesting cell concepts, e.g. with a dopant-free architecture, [18] [19] [20] the efficiency of such devices is inherently limited due to the large optical absorption of the Si/Al interface when only a few nanometers of dielectric spacer is used. 21 Also, this precludes the use of such contacts on the light-incident side or for a bifacial cell architecture, which is an appealing feature for large-scale energy production from photovoltaics. 22 Nitrides are an attractive alternative to oxide materials for carrier selective contacts due to their ability to withstand high temperature processing and plasma exposure. 23, 24 Crucially, some nitride materials possess bandgaps wider than 2 eV, making them more transparent than a-Si. Materials such as the III-N family and their alloys, or the more recently developed family of Zn-IV-N 2 materials, are interesting candidates based on advantageous band alignment with crystalline silicon (c-Si) and the possibility for bandgap tuning by alloying. [25] [26] [27] [28] Stoichiometric ZnSnN 2 exhibits high n-type self-doping (10 , and an electron affinity near 4.1 eV, which aligns well with the conduction band minimum of c-Si. 25, 29 Application of nitride materials as carrier selective contacts in SHJ solar cells remains a largely unexplored topic, with only one other published demonstration, 30 which indicates an opportunity for discovery.
We investigate here as an exemplary material system the implementation of ZnSnN 2 as electron-selective contact for c-Si solar cells. Developing new materials for application in a mature technology requires rapid transition between development and application. In this work, we demonstrate a fast and efficient method of screening the carrier selective and passivating potential of any proposed contact material. The method consists of fabricating three architectures, each yielding important information about the test material's contact performance.
METHODS

Thin Film Deposition and Characterization
Four samples of stoichiometric ZnSnN 2 were deposited by radio frequency (RF) co-sputtering onto unheated Eagle XG® glass substrates rotating at 90 rpm in a chamber with 10 -6 Torr residual water base pressure, as confirmed by residual gas analyzer. Deposition times were 5, 10, 20, and 35 minutes, respectively. For all samples, metallic zinc and tin targets inclined at 45° to the substrate normal were used as cation sources, N 2 was used as anion source. A shadow mask consisting of a 4 x 11 grid of rectangular pads was used for each deposition, in order to measure thickness as a function of deposition time by profilometry. Each sample was characterized for cation composition, crystal structure, and transmission and reflection as described in previous work.
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Solar Cell Fabrication and Characterization
Solar cells were fabricated on 280-µm-thick, n-type, float-zone wafers textured in a KOH-based solution, cleaned and cleaved into quarters. Directly prior to PECVD of the a-Si:H layers, the native oxide layer was removed from the wafer surface with diluted HF. The front-side of each device was prepared with a p-type a-Si:H contact stack and then finished with ITO sputtering through a shadow mask that defined three 1 cm 2 devices per sample. For the rear side of the samples, two were left bare, two were coated with intrinsic a-Si:H, and two were coated with intrinsic a-Si:H followed by n-type a-Si:H. After finishing the front contact stack, a one-sided HF etch was performed on the rear-side of each sample prior to nitride layer deposition. ZTN layers were then deposited on each set of samples using the deposition parameters described earlier. One set of samples received 2 nm and the other set received 20 nm of ZTN, as determined by deposition time calibrated using profilometry of films grown on glass. Aluminum was then evaporated on the ZTN films, and the samples were annealed at 200 °C for 20 minutes. IV measurements of all cells were performed using a WACOM sun simulator with Keithley sourcemeter and multimeter.
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RESULTS AND DISCUSSION
Nitride Material Properties FIGURE 1 shows schematic band alignment of ZTN electron-selective contact both with and without an (i)a-Si:H passivating layer. The band alignment was simulated using PC1D, for which material parameters corresponding to aSi:H were used for the nitride layer but using bandgap, electron affinity and doping of the actual ZTN material. In view of the assumptions required to construct the simulated diagrams, we emphasize Figure 1 is solely for the purpose of visually comparing band positions. N-type doping was assumed for both cases and a poor carrier lifetime (10 -4 s) in the nitride layer. Band positions for ZTN are taken from Ref. 25 , in which the ZTN valence band position was determined using X-ray photoelectron spectroscopy. We note that estimating band offsets by comparing the band positions of stand-alone materials (i.e. not in contact in a junction) is prone to error from neglecting the effects of, for example, interface dipoles. 32 For the ZTN films in this work, we are assuming the influence of interface dipole formation is minimized due to the non-oriented, polycrystalline nature of the film microstructure. Based on these band positions, we find that ZTN has an excellent conduction-band alignment with c-Si and an ~0.5 eV valence band offset, which are desirable properties for an electron-selective contact. Introducing an (i)a-Si:H passivating layer introduces a small band offset, though if kept thin enough it could be overcome by thermionic emission, similar to the case of standard silicon heterojunction cells employing an intrinsic/n-type a-Si:H stack. No surface passivation is expected when depositing ZTN directly on the c-Si (a surface recombination velocity (SRV) of 10 5 cm/s was used on the rear side of the c-Si wafer), hence the lower quasi-Fermi-level splitting than for other cases (SRV of 1 cm/s assumed when an (i)a-Si:H layer is introduced). FIGURE 2 displays an X-ray diffraction (XRD) pattern for 125 nm, stoichiometric ZTN films grown under the same conditions as those used in the test architectures described below. The reference trace (black curve) is an XRD pattern simulated for an orthorhombic (Pna2 1 ) ZnSnN 2 structure taken from http://materials.nrel.gov. [33] [34] [35] The ZTN films are found to be polycrystalline, with peak positions in excellent agreement with the reference. Orthorhombic supercell peaks (2θ = 20° and 21°) are not observed, indicating the films in this work exhibit some degree of cationdisorder, which is typical for ZnSnN 2 .
36 FIGURE 1. Simulated band diagrams for illuminated heterojunction solar cells using a c-Si absorber and a ZTN-based electron-selective contact. Two band diagrams are given, corresponding to a situation with or without a passivating intrinsic a-Si:H layer between the c-Si wafer surface and the nitride electron contact. Band positions for ZTN taken from [25] .
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FIGURE 2. XRD of 125 nm thick ZTN grown on glass compared to a reference trace from https://materials.nrel.gov.
FIGURE 3 displays transmission and reflection spectroscopy measurements taken of ZTN at two thicknesses. The ZTN layers were found to be transparent (up to 85% transmission) in the critical 900-1200 nm range, as well as in the blue region of the spectrum if maintained thin enough (less than 50 nm). Stoichiometric ZTN films grown by cosputtering are known from previous work to be n-type self-doped at a level of 10 20 cm -3 , 37 indicating these films are sufficiently conductive for low-resistance charge transport.
Passivation and Selectivity Assessment
After initial characterization of the nitride material, a device-oriented rapid and efficient screening approach was followed to investigate its suitability as carrier-selective contacts (CSC). In this approach, three test architectures were used to assess several properties of the material at once. FIGURE 4 shows the three structures and their associated IV curves for the two investigated thicknesses of ZTN. We started from a standard silicon heterojunction architecture and replaced the traditional a-Si:H-based electron-selective contact with a ZTN-based contact. In all three cases, a low work function metal (Al) was used to encourage efficient electron extraction, similar to all non-Si-based electronselective contact architectures. [12] [13] [14] [15] [16] Each configuration allows to probe a specific functionality of the new material: (a) tests the electron selectivity and passivation quality; (b) tests whether the material can impose electron selectivity when combined with a passivating intrinsic a-Si:H layer; and (c) tests whether the contact material forms barriers to electron extraction, either inherently or when in contact with a-Si:H, since passivation and selectivity are provided entirely by the a-Si:H layers. Analysing the current-voltage characteristics of each test structure allows for rapid screening of new contact layers. In the first test architecture (FIGURE 4a), in which the ZTN layer is in direct contact with the c-Si, V oc up to 560 mV is obtained and fill factor (FF) is ~66%. This V oc value is more than twice the V oc of the c-Si/ITO/Ag reference cell (panel (a), green curve), which has neither passivating nor electron-selective layers in the back contact stack. Thus, the performance of architecture (a) indicates the ZTN layer provides electron selectivity. However, no passivation is observed from the ZTN layers in panel (a), since the V oc is almost 200 mV lower than the all-silicon reference cell shown in panel (c) (green curve). Additionally, little difference in IV characteristic is observed between the two ZTN thicknesses. By choosing two thicknesses for ZTN, the role of the Al capping layer can be decoupled from the effect of the contact layer itself. Either the investigated material functions best as an interface layer, preventing Fermi-level pinning while allowing the Al to impose electron selectivity in the contact stack (then only the thin layer will function), or the layer itself is an efficient electron-selective layer independently of the presence of the Al (in which case the thicker layer will also function). Numerous examples of the former case exist in literature, including LiF, MgF x , whereas few examples other than n-type silicon are reported for the latter. [12] [13] [14] [15] [16] For ZTN, architecture (a) demonstrates the material is inherently electron-selective, and does not rely on the presence of the low work function Al capping layer to impose selectivity.
For the second architecture (FIGURE 4b), the expected voltage increase when inserting the intrinsic a-Si:H passivation layer below the ZTN layer is not observed (V oc is slightly reduced), and a drastic reduction of FF is seen. The drop in FF could have more than one origin, thus it is important to separate any contribution from blocked charge extraction due to detrimental interfacial chemistry between the a-Si:H and the ZTN. To do so, we turn to the third architecture (FIGURE 4c), in which passivation and carrier selectivity are provided by the a-Si:H layers, and ZTN acts only as a spectator. In this configuration, V oc and FF increase compared to architecture (a), meaning that formation of an interface layer or modification of ZTN material properties due to growth on a-Si:H can be ruled out. Returning to analysis of architecture (b), we can conclude that the drop in FF compared to case (a) is due to insufficient selectivity of the ZTN layer. ZTN appears sufficiently selective when used directly on top of the wafer, but not sufficiently to induce selectivity through the intrinsic a-Si:H layer. Such an effect has already been reported for metal-oxide holeselective contacts. 9, 38, 39 This suggests that better performance could be obtained by combining the ZTN layer with an alternative passivation layer and highlights the importance of studying various passivating strategies when investigating novel carrier-selective contact layers. FIGURE 5 gives a summary of the V oc and FF values measured for each architecture for ZTN-containing cells. Example analysis that can be drawn from each architecture is given in TABLE 1. 
CONCLUSION
A three-architecture method for screening new carrier selective contacts (CSCs) for SHJ solar cells was presented. The utility of this method was demonstrated by investigating ZnSnN 2 -based electron-selective contacts. ZnSnN 2 (ZTN) was found to provide electron-selectivity but not passivation. However, the ZTN layer led to an S-shape in the IV curve when tested in combination with an intrinsic a-Si:H passivation layer, suggesting sub-standard electronselectivity in this configuration. This finding suggests the valence band offset between ZTN and c-Si may not be large enough to impart strong selectivity to a ZTN-based contact. Overall, these results demonstrate a facile method for rapid assessment of new materials' viability as CSCs for SHJ solar cells and point toward avenues for further investigation. 
Interpretation
